Dendritic cells (DCs) are potent antigenpresenting cells that are able to initiate and modulate immune responses and are hence exploited as cellular vaccines for immunotherapy. Their capacity to migrate from peripheral tissues to the T-cell areas of draining lymph nodes is crucial for the priming of T lymphocytes. In this study, we investigated how the maturation of human monocyte-derived DCs (MoDCs) by several different stimuli under serum-free conditions affected their T-cell stimulatory function, cytokine secretion, and migratory behavior. Surprisingly, we found that for all maturation stimuli tested, the addition of prostaglandin E2 (PGE2) was required for effective migration of MoDCs toward the lymph nodederived chemokines CCL19 (EBI1 ligand chemokine/macrophage inflammatory protein--3␤) and CCL21 (secondary lymphoid tissue chemokine [SLC]/6Ckine). Costimulation with PGE2 enhanced the expression of the CCL19/CCL21 receptor CCR7 on the cell surface of MoDCs when they were matured with soluble CD40 ligand or proinflammatory cytokines, but did not affect CCR7 expression of polyI:C-stimulated MoDCs. The effects of PGE2 on MoDCs were mediated through increased cyclic adenosine monophosphate by 2 of the known PGE2 receptors, EP2 and EP4, which are expressed and down-regulated after PGE2 binding in these cells. In conclusion, our results suggest that signals provided by the proinflammatory mediator PGE2 are crucial for MoDCs to acquire potent T-helper cell stimulatory capacity and substantial chemotactic responsiveness to lymph node-derived chemokines. This is a new and important parameter for the preparation of 
Introduction
Dendritic cells (DCs) are professional antigen-presenting cells that are uniquely able to stimulate naive T cells and initiate and control immune responses 1 through the activation of T-helper (T H ) cells of the T H 1, T H 2, or T H regulatory phenotype. [2] [3] [4] They reside in an immature stage in peripheral tissues, where they capture antigens such as invading bacteria, viruses, or damaged tissue. Upon encountering antigens, but also in response to proinflammatory cytokines or T-cell-derived signals such as CD40 ligand (CD40L), DCs lose their phagocytic capacity and up-regulate costimulatory proteins, as well as major histocompatibility complex class I and II molecules presenting processed antigen. [5] [6] [7] At the same time, DCs secrete large amounts of inflammatory cytokines, such as tumor necrosis factor-␣ (TNF-␣), interleukin-1␤ (IL-1␤), and IL-6, as well as chemokines (eg, CCL3 (macrophage inflammatory protein-1␣ [MIP-1␣]), CCL4 (MIP-1␤), and CCL5 (RANTES)), thus promoting the recruitment of monocytes and immature DCs into inflamed tissues. 8 Most importantly, DCs acquire the ability to migrate from peripheral tissues to the T-cell areas of draining lymphoid organs; this ability is pivotal for their capacity to initiate an immune response and is tightly regulated by several mechanisms. Migrating leukocytes express adhesion molecules, such as selectins and integrins, for the interaction with endothelial cells, along with chemokine receptors, which are the sensors for chemotactic gradients. 9 Various receptors for inflammatory chemokines, including CCR1, CCR2, CCR5, and CXCR1, are expressed on immature DCs, which therefore chemotactically respond to their cognate ligands CCL3, CCL2 (monocyte chemoattractant protein-1), CCL4, and CXCL8 (IL-8), respectively. 8, 10 During maturation, DCs lose their responsiveness to most of these inflammatory chemokines through receptor down-regulation or desensitization. Simultaneously, DCs up-regulate chemokine receptors for constitutively expressed chemokines, such as CXCR4 or CCR7, and acquire responsiveness to CCL21 (secondary lymphoid tissue chemokine [SLC]/6Ckine) and CCL19 (EBI1 ligand chemokine/ MIP-3␤), which are expressed in lymphatic vessels and the T-cell areas of lymph nodes. 11, 12 Expression of functional CCR7 is particularly important, as DCs from mice lacking CCR7 fail to migrate into draining lymph nodes. 13 In addition, lipid mediators, such as the cysteinyl leukotriene C4, act on DCs through an autocrine mechanism, turning on chemotaxis in response to CCL19, and the interaction of CD40 with CD40L regulates migration of DCs from skin to draining lymph nodes. [14] [15] [16] These unique features of DCs are increasingly exploited for the design of DC-based vaccines in immunotherapy since sufficient numbers of monocyte-derived DCs (MoDCs) can be obtained through in vitro differentiation of monocytes in the presence of granuloctye-macrophage colony-stimulating factor (GM-CSF) and IL-4. 17, 18 Unfortunately, little is known about migratory capacities of MoDCs generated under serum-free conditions for use as cellular vaccines in therapeutic application. It has been shown that immature MoDCs fail to migrate to lymph nodes, 19 most likely owing to a lack of CCR7 expression, and consequently prime T H regulatory cells. 20, 21 Therefore, the use of matured MoDCs is crucial for the initiation of cytotoxic immune responses. Currently, several groups use a cocktail of proinflammatory mediators, such as TNF-␣, IL-1␤, IL-6, and prostaglandin E2 (PGE2), to mature MoDCs for application in immunotherapy. [22] [23] [24] The lipid molecule PGE2 especially is a potent modulator of immune responses 25 and has been reported to enhance T-cell stimulatory capacity and mean migratory activity of MoDCs 24 generated under serum-free conditions. Furthermore, PGE2 supports the maturation of MoDCs stimulated with TNF-␣. 26, 27 Concurrently, it has been shown that PGE2 down-regulates the production of the T H 1-inducing cytokine IL-12p70 and enhances the production of IL-10, thus leading to a shift of the T-helper cell response toward the T H 2-type. 28 It is still a matter of debate as to whether a T H 2 bias through PGE2 negatively affects an antitumor response because, although T H 1 differentiation is critical for an effective immune defense against some tumors, 29,30 the contribution of the T H 2 cytokine IL-4 can be important for tumor eradication as well. 31 PGE2 acts through 4 G protein-coupled receptors, designated EP1, EP2, EP3, and EP4, that display different tissue distribution and deliver distinct intracellular signals. 32, 33 The 2 G s proteincoupled receptors EP2 and EP4, which both mediate their signal through elevated cyclic adenosine monophosphate (cAMP), are expressed on monocytoid cells, 34, 35 but nothing is yet known about prostaglandin receptors expressed on DCs.
In this study, we have examined the effect of PGE2 on phenotypical and functional maturation of MoDCs generated under serum-free conditions with the use of 3 different stimuli. In particular, we analyzed surface expression of the chemokine receptors CCR7, CCR1, CCR5, and CXCR4 on immature and mature MoDCs, as well as their migratory capacity in response to CCL19 and CCL21. Our experiments identified PGE2 as a proinflammatory agent that generally enhances T-cell stimulatory capacity of MoDCs and, most importantly, not only supports CCR7 surface expression of MoDCs during maturation but is also able to strongly promote migration toward lymph node-derived chemokines.
Materials and methods

Generation of MoDCs
MoDCs were generated from human peripheral blood mononuclear cells (PBMCs) as previously described. 17 In brief, PBMCs were separated by standard density gradient centrifugation on Ficoll-Paque (Pharmacia, Uppsala, Sweden), resuspended at 4 ϫ 10 6 cells per milliliter in AIM V medium (Invitrogen, Groningen, The Netherlands), and allowed to adhere to plastic for 1 hour at 37°C. Nonadherent cells were removed, and the remaining cells were cultured in AIM V medium containing 50 ng/mL GM-CSF (Leukomax) (Novartis, Basel, Switzerland) and 1000 U/mL IL-4 (Strathmann, Hamburg, Germany). Alternatively, monocytes were purified by positive selection with anti-CD14-conjugated magnetic microbeads (Miltenyi, Bergisch Gladbach, Germany) and cultivated at 1 ϫ 10 6 cells per milliliter in the same medium. On day 6, nonadherent and loosely adherent cells were harvested and recultured (5 ϫ 10 5 cells per milliliter) in cytokine-containing medium in the absence or presence of either a cocktail of proinflammatory cytokines (20 ng/mL TNF-␣, 10 ng/mL IL-1␤, and 1000 U/mL IL-6, all purchased from Strathmann), 500 ng sCD40L (Immunex, Seattle, WA), or 20 g/mL polyI:C (Sigma, Buchs, Switzerland) to induce maturation for an additional 48 hours. Where indicated, 1 g/mL PGE2 (Prostin E2) (Pharmacia and Upjohn, Dübendorf, Switzerland), 1 M forskolin, (Sigma), 10 g/mL cholera toxin (Alexis Biochemicals, Läufelfingen, Switzerland), 50 ng/mL pertussis toxin (Alexis Biochemicals), or 1 M 11-deoxy-PGE1 (Alexis Biochemicals) were added simultaneously.
T-cell purification and MoDC cocultures
Naive CD4 ϩ CD45RA ϩ T cells were purified from monocyte-depleted PBMCs by negative selection by means of the CD4 ϩ /CD45RO Ϫ Multi Sort Kit (Miltenyi). This method yielded purified (exceeding 98%) CD4 ϩ /CD45RA ϩ / CD45RO Ϫ T cells as assessed by flow cytometry (data not shown). For mixed lymphocyte reaction experiments, mature and immature allogeneic MoDCs were extensively washed, irradiated (30 Gy) , and cultured at different numbers in duplicate with 1 ϫ 10 5 CD4 ϩ CD45RA ϩ T cells in 96-well flat-bottom plates. On day 4 of coculture, 3 H-thymidine (1 Ci per well [37 Bq per well]) was added, and incorporation was tested after 14 to 16 hours. For T-cell-priming experiments, irradiated allogeneic MoDCs were cocultured with CD4 ϩ CD45RA ϩ T cells at a ratio of 1:10. After 5 days, stimulated T cells were expanded with 100 U/mL human recombinant IL-2 (Proleukin) (Roche, Basel, Switzerland) and analyzed for cytokine production between days 7 and 10 by intracellular staining and flow cytometry.
Intracellular staining
Expanded T cells were stimulated with 100 nM phorbo myristate acetate and 1 g/mL Ionomycin (both from Sigma) for 6 hours. During the last 4 hours of culture 10 g/mL Brefeldin A (Sigma) was added. After fixation with 2% paraformaldehyde, T cells were permeabilized with phosphatebuffered saline containing 0.1% saponin, 2% fetal calf serum (FCS), and 5 mM EDTA; stained with fluorescein isothiocyanate (FITC)-labeled antiinterferon-␥ (anti-IFN-␥) and phycoerythrin (PE)-labeled anti-IL-4 (Becton Dickinson, Basel, Switzerland); and analyzed by flow cytometry.
Fluorescence-activated cell sorter analysis of MoDCs
MoDCs were analyzed on a FACScan flow cytometer (Becton Dickinson) after staining with the following monoclonal antibodies (mAbs): FITClabeled anti-CD83 (Immunotech, Berlin, Germany), FITC-labeled anti-CD86, PE-labeled anti-CD80, anti-CCR5 (clone 2D7) (Pharmingen, Basel, Switzerland), anti-CCR1 (clone 53504.111), anti-CXCR4 (clone 12G5) (R&D Systems, Wiesbaden-Nordenstadt, Germany), and anti-CCR7. 13 As secondary reagents for unlabeled mAbs, FITC-conjugated sheep-antimouse (Silenus, Melbourne, Australia) and FITC-conjugated goat-antirat immunoglobulin-G (Jackson Immunoresearch, La Roche, Switzerland) were used.
Cytokine assays
Immature MoDCs were stimulated with a cocktail of proinflammatory cytokines (20 ng/mL TNF-␣,10 ng/mL IL-1␤, and 1000 U/mL IL-6), 500 ng sCD40L (Immunex), or 20 g/mL polyI:C (Sigma) in the presence or absence of 1 g/mL PGE2. After 48 hours, culture supernatants were collected and analyzed by enzyme-linked immunosorbent assay (ELISA) by means of commercially available kits to detect IL-12p70 (Endogen, Woburn, MA), TNF-␣, and IL-10 (Pharmingen) according to the manufacturer's protocols.
RNA isolation and complementary DNA synthesis
Total RNA was isolated from immature and mature MoDCs by means of TRIZOL reagent (Invitrogen) according to the protocol provided by the manufacturer. We used 2 g total RNA for synthesis of first-strand complementary DNA (cDNA) by means of Moloney murine reverse transcriptase (Promega, Wallisellen, Switzerland) following the manufacturer's recommendations. The resulting cDNA was used for real-time reversetranscription polymerase chain reaction (RT-PCR).
Real-time RT-PCR
Real-time RT-PCR was performed by means of the LightCycler (Roche) and the LightCycler-DNA Master SYBR Green I kit (Roche) according to the protocol provided by the manufacturer. After initial denaturation for 30 seconds at 95°C, thermal cycling was performed for 40 cycles with steps of 95°C for 5 seconds, 60°C for 10 seconds, and 72°C for 20 seconds, with the fluorescence being read at the end of each cycle. The following oligonucleotides were used as primers for the PCR: for CCR7, 5Ј-CCTGGGGAAAC-CAATGAAAAGC-3Ј and 5Ј-GAGCATGCCCACTGAAGAAGC-3Ј; for EP2, 5Ј-GCAATGCCTCCAATGACTCC-3Ј and 5Ј-GCGCCAGTGCCAC-CAGGG-3Ј; and for EP4, 5Ј-CACTCCCGGGGTCAATTCG-3Ј and 5Ј-GGCATGGTTGATGGCCAGG-3Ј. Analysis was performed with Light Cycler Software 3. The obtained values were within the linear range of a standard curve and were normalized to yield the same amount of glyceraldehyde phosphate dehydrogenase (GAPDH) messenger RNA (mRNA). All PCR products were analyzed by determination of melting profiles as well as by agarose gel electrophoresis.
Chemotaxis assay
Chemotaxis of MoDCs was measured by migration through a polycarbonate filter with 5-m pore size in 24-well transwell chambers (Corning Costar, Cambridge, MA) with the use of AIM V as assay medium. Added to the lower chamber was 600 L assay medium containing 300 ng/mL CCL19 (R&D Systems) or 250 ng/mL CCL21 (R&D Systems), or assay medium alone as a control for spontaneous migration. We added 1 ϫ 10 5 MoDCs unstimulated or stimulated for 48 hours with the indicated reagents to the upper chamber in a total volume of 100 L and incubated this for 3 hours at 37°C. A 500-L aliquot of the cells that migrated to the bottom chamber was counted by flow cytometry acquiring events for a fixed time period of 60 seconds with the use of CellQuest software (Becton Dickinson). Each experiment was performed in duplicate. The mean number of spontaneously migrated cells was subtracted from the total number of migrated cells. Values are given as the mean number of migrated cells Ϯ SEM.
Results
Influence of PGE2 on phenotypical maturation and function of MoDCs
In the first series of experiments, we investigated the effect of PGE2 on the phenotypic maturation and T-cell stimulatory functions of human MoDCs that were generated under serum-free conditions and stimulated with either sCD40L, polyI:C, or a cocktail of proinflammatory cytokines (TNF-␣, IL-1␤, and IL-6). 24 Immature MoDCs were treated with each of the stimuli in the presence or absence of PGE2 for 48 hours, and the expression of maturation-related surface markers was analyzed by flow cytometry. Consistent with previous reports, 24, 26, 27 PGE2 induced or up-regulated surface expression of CD83 and the costimulatory molecule CD80 on immature MoDCs and on MoDCs stimulated with the proinflammatory cytokines, but it had no effect on the phenotypic maturation of MoDCs treated with sCD40L or polyI:C (Figure 1 ). In contrast to MoDCs differentiated in the presence of FCS, our MoDCs, which were generated under serum-free conditions, displayed relatively high CD86 expression in the immature stage, and this was barely enhanced upon exposure to maturation stimuli ( Figure 1 , and data not shown).
The capability of immature MoDCs to stimulate allogeneic naive CD4 ϩ T cells was very low and increased when MoDCs displayed a mature phenotype (Figure 2 ). It is known that PGE2 together with TNF-␣, IL-6, and IL-1␤ increases the capacity of MoDCs to stimulate naive T cells, 36 which we could confirm in our serum-free system. In addition, treatment of MoDCs with PGE2 alone improved their stimulatory capacity significantly, and to our surprise, PGE2 augmented the stimulatory functions of MoDCs matured in the presence of sCD40L and polyI:C as well ( Figure  2B ,D), although PGE2 had no effect on the phenotypic maturation of these MoDCs (Figure 1 ). These data suggest that PGE2, in addition to inducing the phenotypical maturation of DCs, also affects the function of these cells by promoting their T-cell stimulatory potential.
PGE2 inhibits cytokine production by activated MoDCs
As a consequence of maturation, MoDCs usually secrete inflammatory cytokines. 37 PGE2 has previously been shown to inhibit the production of bioactive IL-12p70 and TNF-␣, while enhancing the production of the immunosuppressive cytokine IL-10. 28, 38, 39 To test these parameters in our experimental setup, we analyzed, by ELISA, the amount of IL-12p70, ⌻⌵F-␣, and IL-10 present in the cell culture supernatant of MoDCs after 48 hours of stimulation with the respective stimuli ( Figure 3 ). Considerable amounts of IL-12p70 could be detected in the supernatant of polyI:Cstimulated MoDCs, but interestingly, PGE2 down-regulated its expression by more than 50% ( Figure 3A) . In contrast, treating cells with 500 ng/mL sCD40L or the cocktail of proinflammatory cytokines did not alter IL-12p70 secretion. However, when we raised the concentration of sCD40L to 2 to 3 g/mL for stimulation, MoDCs produced levels of IL-12p70 similar to what we observed with polyI:C (data not shown). The addition of PGE2 decreased the secretion of TNF-␣ by MoDCs that were stimulated with polyI:C or sCD40L, while immature MoDCs did not produce detectable amounts of TNF-␣ at any time point ( Figure 3B ). Because TNF-␣ was present in the cytokine cocktail used for MoDC maturation, the quantities of secreted TNF-␣ could not be determined in this case. In agreement with previous reports, 39 IL-10 production was significantly increased in immature MoDCs treated with PGE2 alone. On the contrary, PGE2 did not affect IL-10 production in MoDCs in combination with sCD40L or proinflammatory cytokines, while it decreased IL-10 secretion by about 3-fold in MoDCs stimulated with polyI:C ( Figure 3C ). Taken together, these data suggest that PGE2 generally suppresses the production of the examined cytokines in mature MoDCs, but stimulates immature MoDCs to produce IL-10.
T-cell priming and polarization are not affected by PGE2
PolyI:C-matured MoDCs have been shown to be strong inducers of T H 1 differentiation, 3 which is, at least in part, due to the secretion of bioactive IL-12p70. Since PGE2 suppressed IL-12p70 production in polyI:C-treated MoDCs ( Figure 3A) , we next asked whether adding PGE2 would affect T H 1 polarization. Naive CD4 ϩ T cells were primed with allogeneic MoDCs that had been stimulated with polyI:C in the presence or absence of PGE2. After 7 to 10 days, the pattern of IFN-␥ and IL-4 production by these T cells was analyzed by flow cytometry after intracellular cytokine staining. Our data suggest that PGE2 had no effect on the T H 1-type polarizing capacities of MoDCs irrespective of whether they were matured with polyI:C (Figure 4 ) or any other stimulus tested that led comparable numbers of CD4 ϩ T cells to express IL-4 (2% to 4%) or IFN-␥ (17% to 25%) (data not shown).
PGE2 modulates chemokine receptor expression on MoDCs
Maturation of DCs is also accompanied by down-regulation of inflammatory chemokine receptors and induction of CCR7. 10 This change is essential for migration of DCs to lymphoid organs and optimal initiation of an immune response. Hence, we analyzed the effect of PGE2 on surface expression of the chemokine receptors CCR1, CCR5, CXCR4, and CCR7 on MoDCs generated under serum-free conditions ( Figure 5 ). Unexpectedly, CCR1 expression was present only on freshly isolated monocytes, and after 8 days of cultivation, it was detectable neither in medium containing GM-CSF and IL-4 nor in the presence of any maturing agent tested (data not shown). Immature MoDCs expressed relatively high levels of CCR5 but undetectable levels of CXCR4 and CCR7. The addition of sCD40L or polyI:C resulted in slight down-regulation of CCR5, whereas the proinflammatory cytokines did not have such an effect. In the presence of PGE2, however, CCR5 was further downregulated on both immature and mature MoDCs. An up-regulation of CXCR4 was barely visible on MoDCs matured with sCD40L and polyI:C, and CXCR4 expression was negligible on MoDCs stimulated with the proinflammatory cytokines. In the presence of PGE2, however, CXCR4 expression was increased on immature and mature MoDCs. Even more prominent was the effect of PGE2 on CCR7 expression, when PGE2 was added to untreated immature MoDCs or to MoDCs treated with the cocktail of proinflammatory cytokines ( Figure 5 ). As expected, CCR7 was induced in MoDCs by sCD40L and polyI:C. While PGE2 did not significantly BLOOD, 15 AUGUST 2002 ⅐ VOLUME 100, NUMBER 4 For personal use only. on April 13, 2017. by guest www.bloodjournal.org From up-regulate CCR7 expression on polyI:C-treated MoDCs, it was able to further enhance CCR7 expression in combination with sCD40L.
Surface expression of CCR7 correlated well with CCR7 mRNA levels in these cells as determined by real-time RT-PCR ( Figure 6 ). Marginal expression of CCR7 mRNA was detected in immature and cytokine-stimulated MoDCs. In MoDCs stimulated with sCD40L and polyI:C, the CCR7 mRNA expression was upregulated 20-and 45-fold, respectively, as compared with unstimulated cells. With additional stimulation by PGE2, the expression of CCR7 mRNA increased 38-fold in cytokine-stimulated, 49-fold in sCD40L-activated, and 52-fold in polyI:C-treated MoDCs when compared with immature MoDCs.
PGE2 is required for efficient migration of MoDCs toward CCL19 and CCL21
As we could detect up-regulation of CCR7 surface expression on MoDCs by the action of PGE2 during maturation, we next analyzed whether this functionally results in a better migration of MoDCs toward the 2 known ligands for CCR7: CCL19 and CCL21. 40, 41 Therefore, immature MoDCs and MoDCs stimulated with sCD40L, polyI:C, or the cytokine cocktail, in the absence or presence of PGE2, were examined in a transwell migration assay ( Figure 7 ). In accordance with undetectable CCR7 surface expression, immature MoDCs and MoDCs that were matured in the presence of proinflammatory cytokines did not migrate at all or barely migrated in response to CCL19 and CCL21, respectively. Interestingly, when CCR7 surface expression was up-regulated by PGE2, immature MoDCs also gained a moderate capability to migrate toward CCL19 and CCL21, while the migratory response of MoDCs matured with proinflammatory cytokines was induced about 80-fold for CCL19 and at least 6-fold for CCL21. To our surprise, MoDCs matured by sCD40L and polyI:C exhibited only weak migratory activity in response to both CCR7 ligands, although they expressed comparable levels of CCR7 on their surface. Costimulation with PGE2, however, also substantially amplified the capability of these cells to migrate toward CCL19 as well as CCL21. Taken together, these experiments show that MoDCs require a maturation stimulus and PGE2-provided signals to acquire the potential to migrate effectively in response to the lymph node-derived chemokines CCL19 and CCL21.
PGE2 receptors EP2 and EP4 are expressed in MoDCs and mediate the increased migratory potential of MoDCs
Binding of PGE2 to its receptors can trigger quite distinct signals in cells because, while the stimulation of the prostaglandin receptors EP1 and EP3 leads to intracellular mobilization of Ca ϩϩ and decreased cAMP levels, the 2 G s -coupled receptors EP2 and EP4 signal through increased cAMP by stimulation of the adenylate cyclase. 33 First, we quantitatively investigated mRNA expression of the 2 prostaglandin receptors reported to be expressed in monocytes and peritoneal macrophages, EP2 and EP4, 34, 35 in immature or mature MoDCs by real time RT-PCR. As shown in Figure 8A , the expression of EP2 mRNA was not significantly altered by the different maturation stimuli. However, in the presence of PGE2, EP2 mRNA expression was down-regulated in all cases, most prominently in immature and sCD40L-stimulated MoDCs. In contrast, EP4 mRNA was up-regulated by the different maturation stimuli; the up-regulation was most evident for sCD40L, followed by polyI:C, and was least prominent for proinflammatory cytokines ( Figure 8B ). Treatment with PGE2 likewise resulted in a markedly reduced expression of EP4 mRNA in all samples. To test the expression of EP1 and EP3 mRNA, we performed RT-PCR on the same cells, but no EP1 and EP3 mRNAs were detected, indicating that these 2 types of prostaglandin receptors are not expressed in MoDCs (data not shown).
These data suggest that the effects of PGE2 on MoDCs are probably mediated by elevating the intracellular second messenger, cAMP, via signaling through EP2 and EP4. To confirm this notion, we investigated whether forskolin, a pharmacological activator of adenylate cyclase; cholera toxin, which activates the G␣ s subunit of G proteins and therefore mimics signaling of G s -coupled receptors like EP2 and EP4; or 11-deoxy-PGE1, a synthetic analog of PGE1 and specific agonist for EP2 and EP4, exerts the same effect as PGE2 on the migratory behavior of MoDCs stimulated with polyI:C. As expected, any of these agents was able to significantly enhance the migratory capacity of matured MoDCs in response to CCL21 and CCL19 ( Figure 8C , and data not shown), thus replacing the requirement for PGE2. Additionally, putative signaling via EP1 and EP3 was blocked by adding 50 ng/mL pertussis toxin, alone or in combination with PGE2, since, unlike EP2 and EP4, most of the intracellular effects by these receptors are coupled to pertussis toxin-sensitive G i -proteins. As shown in Figure 8D , the addition of pertussis toxin did not inhibit the PGE2-induced upregulation of CCR7 surface expression in MoDCs matured in the presence of proinflammatory cytokines, indicating that signaling through G iproteins is not required for the effects mediated by PGE2. Due to coupling of CCR7 to G i -proteins, however, the migratory response of pertussis toxin-treated mature MoDCs was completely inhibited ( Figure 8C ).
Discussion
CCR7 expression on mature DCs is essential for their homing to secondary lymphoid organs where the CCR7 ligands CCL19 and CCL21 are produced. 13 Our results show that PGE2 induces CCR7 expression in MoDCs matured with proinflammatory cytokines and enhances CCR7 expression on MoDCs stimulated with sCD40L, but has no additional effect on CCR7 expression of MoDCs matured with polyI:C. However, the migratory capability of MoDCs stimulated with sCD40L and poyI:C in the absence of PGE2 seems to be impaired, since these cells did not effectively migrate in response to the 2 CCR7 ligands CCL19 and CCL21. In our serum-free system, signals provided by PGE2 were absolutely required for an efficient migration of mature MoDCs in response to CCL19 and CCL21. These data, as well as observations made by Luft et al (Eugene Maraskovsky, written communication, September 2001) that PGE2 also positively affects migration of MoDCs toward the CXCR4 ligand CXCL12 (stromal cell derived factor-1), imply that the migratory capacity of MoDCs toward constitutively expressed chemokines in general is selectively promoted by the action of PGE2.
D'Amico et al 42 have recently shown that IL-10-treated MoDCs and monocytes did not migrate in response to CCL3, CCL4, or CCL5 despite CCR1 and CCR5 surface expression. Moreover, it was demonstrated that in the presence of IL-10, MoDCs had a defective capacity for signaling through chemokine receptors, thus BLOOD, 15 AUGUST 2002 ⅐ VOLUME 100, NUMBER 4 For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From indicating that they were uncoupled through IL-10. Similarly, activation of CCR7 receptors expressed on mature MoDCs might be inhibited by an as-yet-unidentified mechanism in the absence of signals provided by PGE2 during maturation. CCR7 receptor uncoupling was also reported for plasmacytoid DCs isolated from peripheral blood, which express quite high levels of CCR7 on their surface but fail to migrate in response to CCL19 unless they received a maturation stimulus that restored their migratory capacity. 43 Although it seems very unlikely, we should point out that as a hypothetical alternative to the coupling of CCR7 to signaling, the effect of PGE2 on MoDC migration toward CCR7 ligands might be due to the induction or activation of an as-yetunknown chemokine receptor for CCL19 and CCL21.
The effect of PGE2 was mediated mainly by the intracellular second messenger, cAMP, because only prostaglandin receptors EP2 and EP4, which signal through increased cAMP, were expressed in MoDCs and were down-regulated after PGE2 treatment. Moreover, the EP2/EP4 agonist 11-deoxy-PGE1, as well as cAMP-elevating agents like forskolin or cholera toxin, could substitute for PGE2 in the activation of MoDC migration toward lymph node-derived chemokines. Signals mediated by intracellular cAMP were shown to be involved in cell polarization and uropod formation induced by chemokines. 44 In particular, activation of the cAMP-dependent protein kinase (PKA) seems to be important, as the inhibition of PKA led to an abrogation of the chemokinemediated uropod formation in T cells. 45 Furthermore, upregulation of metalloproteinases, which are involved in migration processes, is mediated by elevated intracellular cAMP. 46 One reason why exogenous PGE2 is required to fully restore the migratory capacity of MoDCs in response to CCL19 and CCL21 could be an impaired production of PGE2 by MoDCs generated under serum-free conditions in the presence of GM-CSF and IL-4. At sites of inflammation, the formation of prostaglandins from its precursor, arachidonic acid, is catalyzed by the prostaglandin synthetase cyclo-oxigenase 2 (COX-2) that is induced in monocytes by inflammatory stimuli, such as bacterial lipopolysaccharide (LPS) or proinflammatory cytokines (TNF-␣, IL-1␤, and IL-6), 47 but is suppressed in the presence of IL-4. 48 Moreover, it has been shown that IL-4 also inhibits cytosolic phospholipase A2, which is required for the liberation of the prostaglandin precursor arachidonic acid from membrane phospholipids. 48, 49 Although MoDCs are reportedly resistant to IL-4-mediated down-regulation of COX-2, 50 a limitation in the substrate for inducible COX-2 may nonetheless lead to decreased production of PGE2 in MoDCs generated in the presence of IL-4. Inhibition of cytosolic phospholipase A2 by IL-4 also affects the formation of other arachidonic acid metabolites, such as leukotrienes, that have been shown to play an important role in migration of DCs toward CCL19 as well. 14 This could also explain why the defective migratory capacity of MoDCs toward lymph node-derived chemokines remained unnoticed in previous studies in which MoDCs were generated in the presence of GM-CSF and IL-13 instead of IL-4 or in cell culture medium supplemented with FCS. 8, 51 However, Luft et al (Eugene Maraskovsky, written communication, September 2001) showed that MoDCs generated in the presence of FCS display only moderate migratory responses toward CCL19 and CCL21, but that this was significantly enhanced in the presence of PGE2.
It has been shown that the chemokine receptors CCR1 and CCR5, which respond to the inflammatory chemokines CCL3, CCL4, and CCL5, are down-regulated on the surface of MoDCs owing to an autocrine mechanism. 10 Probably because of different cultivation conditions, we were unable to detect CCR1 surface expression on immature MoDCs generated in a serum-free environment. PGE2 has been previously shown to down-regulate CCR5 on human monocytes, thus inducing resistance to human immunodeficiency virus-1 infection. 52, 53 Analogously to monocytes, an almost complete down-regulation of CCR5 surface expression on MoDCs could be observed only in the presence of PGE2 ( Figure 5 ).
In agreement with previous reports, 24, 26, 27 we demonstrated that PGE2 elevated maturation-related surface markers and enhanced the T-cell stimulatory capacity of MoDCs matured with proinflammatory cytokines. The latter positive effect of PGE2 on MoDCs was not restricted to cytokine-stimulated MoDCs but was also valid for MoDCs activated with sCD40L or polyI:C, thus suggesting that PGE2 is a key promoter of MoDC function.
The presence of PGE2 during the maturation of MoDCs decreased the secretion of bioactive IL-12p70 by MoDCs stimulated with polyI:C, in accordance with previous reports. 26, 54 Interestingly, in LPS-treated macrophages, the EP4 receptor is apparently involved in the down-regulation of TNF-␣ and IL-12 secretion, 55 suggesting that the down-regulation of TNF-␣ and IL-12p70 production that we found in human MoDCs could be based on the activation of EP4.
Kalinski et al 56 found that the presence of PGE2 during maturation yielded MoDCs, which promoted T H 2 differentiation. Our results are contradictory to this finding, because we could not see an effect of PGE2 on T H -cell polarization by MoDCs in any of our experiments (Figure 4 , and data not shown). Also, Steinbrink et al 36 demonstrated that naive T H cells primed by MoDCs and matured in the presence of proinflammatory cytokines (TNF-␣, IL-1␤, and IL-6) and PGE2, displayed a T H 1 rather than a T H 2 cytokine profile in accordance with our data. As discussed previously, 36 one reason for this discrepancy could be different culture conditions for the generation of MoDCs, resulting in distinct populations, as well as varying DC-to-T-cell ratios used for T H -cell priming.
In conclusion, signals provided by the action of PGE2 selectively ameliorate functional maturation of MoDCs generated under serum-free conditions, allowing them to efficiently prime T H cells and migrate in response to CCL19 and CCL21. This is an important new parameter that needs to be considered for the in vitro differentiation of MoDCs as cellular vaccines in cancer immunotherapy.
